Rare-earth cobaltates Dy 0.5Àx Er x Ba 0.5 CoO 3 (x = 0, 0.03 and 0.05) have been systematically investigated to elucidate the effect of Er substitution on elastic as well as magnetic and transport properties. DC electrical resistance and AC susceptibility measurements showed that the x = 0 sample exhibited an insulating behavior and an anti-ferromagnetic (AFM) transition, T N at 198 K as well as ferromagnetic (FM) transition, T C at 260 K. Increasing of Er content suppressed the FM and AFM state suggestively due to the increase in size disorder arising from the size mismatch between A-site cations as shown from our calculation of variance r 2 . On the other hand, both absolute longitudinal and shear velocities and related elastic moduli measured at 210 K decreased with Er content in conjunction with the declining in the FM domain indicating a weakening in elastic properties. A longitudinal velocity anomaly characterized by a drop in velocity upon cooling before hardening with further cooling was observed for all samples. This abnormal elastic anomaly can be attributed due to the Jahn-Teller (JT) distortion of intermediatespin Co 3+ ions. Analysis of the elastic anomaly using the mean-field theory suggested that it is related to the JT effect which transformed from dynamic to static type with decreasing temperature. The elastic anomaly shifted to lower temperature from 129 K (x = 0) to 124 K (x = 0.05) with Er substitution indicating a weakening of the static JT effect.
Introduction
Rare-earth (RE) cobaltates with provskite structure of the general composition of the type RECoO 3 and hole-doped RE 1Àx A x CoO 3 as well as their half-doped RE 0.5 A 0.5 CoO 3 (where RE is a trivalent rare-earth ion such as La, Nd, Dy, and Gd, and A is a divalent alkaline-earth ion such as Sr, Ca or Ba) have been given fair attention in a recent years due to their unique magnetic and transport properties as well as the potential application [1] [2] [3] [4] [5] [6] . In addition to the lattice, charge and spin degrees of freedom which are found in many other transition metal oxides, the cobaltates also display interesting features originating from the 'spin state' at Co-site [7, 8] . It is known that, Co 3+ ion in an octahedral symmetry can exhibit either low-spin (LS) (S = 0, t ion may be in one of the spin states depending on which state is energetically more favorable for a particular situation [9] . Among RE-cobaltates, the half-doped RE 0.5 A 0.5 CoO 3 has received quite notable attention as it exhibits a variety of magnetic and transport properties [10] [11] [12] [13] . For instance, La 0.5 Ba 0.5 CoO 3 and Nd 0.5 Ba 0.5 CoO 3 showed ferromagnetic-insulator (FMI) behaviors with ferromagnetic (FM) transition temperature, T C of 190 K and 130 K, respectively, due to the existence of multivalent Co 3+ -OCo 4+ states [12] . However, Dy 0.5 Ba 0.5 CoO 3 shows unusual magnetic and transport properties [13] where both anti-ferromagnetic (AFM) and charge-ordered-insulator (COI) behaviors were observed at room temperature with an AFM transition temperature, T N of 245 K. The unusual behaviors were suggested to be due to disorder caused by the size mismatch between the A-site cations [13] . The size disorder is indicated by the variance, r 2 and is defined as [11] :
where x i is the fractional occupancy of A-site ions, r i is the ionic radii (9-coordination number) and hr A i is the weighted average radius calculated from r i values [11] . Several reports showed that direct substitution at the Co-site of half-doped RE 0.5 A 0.5 CoO 3 with a small amount of transition-metal element influenced the magnetic and transport properties of these RE-cobaltates. For example, Fe substitution in La 0.5 Sr 0.5 Co 1Àx Fe x O 3 showed small decrease in FM transition temperature, T C with increasing Fe concentration up to x = 0.2 suggestively due to the development of weak AFM Co-O-Fe super-exchange (AFM-SE) interaction [14] . Increasing the Fe concentration to x P 0.3 caused stronger suppression of ferromagnetism due to the appearance of Fe-O-Fe AFM-SE interaction. On the other hand, elemental substitution at RE-site also plays a crucial role in influencing the properties of the RE cobaltates. For Gd 0.5Àx RE x Ba 0.5 CoO 3 (RE = Dy and Er), increasing Er concentration up to x = 0.5 suppress anti-ferromagnetic-insulator (AFM-I) phase and induces paramagnetic-insulator (PM-I) phase while Dy substitution, shifts T N of AFM-I to slightly higher temperatures from 240 K (x = 0.25) to 245 K (x = 0.5) due to the different effects of size disorder [15] .
Ultrasonic velocity and density measurements have been proven to be a successful tool in investigations of elastic properties of solids including transition metal oxides. For RE cobaltates, ultrasonic velocity data was suggested to provide valuable clues on the role of the Jahn-Teller (JT) effect on structural and elastic changes in the material [16] [17] [18] [19] . For La 1Àx Ca x CoO 3 (0.1 6 x 6 0.2), an ultrasonic velocity anomaly where a sudden softening followed by hardening was observed below T C upon cooling and was suggested to be due to the JT effect of IS Co 3+ ions [19] . However, not many reports on elastic properties of RE cobaltates are available in the literature. Interestingly, previous study on Dy 0.5 Ba 0.5 CoO 3 showed charge ordering (CO) transition accompanied by paramagnetic (PM) to AFM transition around 245 K in contrast to Er 0.5 Ba 0.5 CoO 3 which was purely insulating PM but was not CO [15] . Partial substitution of Er at Dy-site of (Dy,Er)Ba 0.5 CoO 3 is expected to gradually increase the A-site size disorder due to the relatively smaller ionic radius of Er 3+ (1.062 Å) compared to that of Dy 3+ (1.083 Å). The gradual increase in the size disorder will not only reveal in more detail the nature of both transport and magnetic states transitions but also gives the opportunity to analyze smaller changes in mechanisms such as the JT distortion by the use of ultrasound. However, such detailed study on (Dy,Er)Ba 0.5 CoO 3 has not been previously reported. This paper reports on longitudinal and shear ultrasonic wave velocity measurements in Dy 0.5Àx Er x Ba 0.5 CoO 3 (0 6 x 6 0.05) with the aim to investigate the effect of partial Er substitution on elastic properties as well as providing an understanding on the role played by the JT effect in the material. Results from DC electrical resistance and AC susceptibility (v 0 ) measurements as well as powder X-ray diffraction (XRD) are also presented and discussed.
Experimental

Sample preparation
The Dy 0.5Àx Er x Ba 0.5 CoO 3 (0 6 x 6 0.05) samples were prepared using the conventional solid state reaction method. Stoichiometric amounts of Dy 2 O 3 , Er 2 O 3 , BaCO 3 , and Co 3 O 4 powders with purity P99.99% were ground in an agate mortar and calcinated at 1000°C for 24 h with several intermediate grindings. The powders were compacted into pellets of 13 mm diameter and 2-3 mm thickness under a load of 6-7 tons. The pellets were then sintered at 1100°C for 24 h with several intermediate grindings and slow cooled to room temperature at 1°C/h.
Sample characterization
All the samples were examined by powder X-ray diffraction (XRD) with Cu Ka radiation at room temperature using Rigaku Model D/Max 2000 Pc system. Resistivity of the samples was measured using the standard four probe method with silver point contacts. The AC susceptibility (v 0 ) of the samples was measured using an AC susceptometer system manufactured by CRYO industries, USA with its real component resolved using a 7265 DSP lock-in amplifier. Bulk density was determined by employing Archimedes principle using xylene the buoyant medium. Ultrasonic velocity was measured as a function of temperature using a Matec 7700 system which utilizes the pulse-echo-overlap technique. The quartz transducer was bonded to the sample surface with cryogenic 2θ (degrees) 20 30 40 50 60
Intensity (a.u.) Fig. 1 . X-ray powder diffraction patterns for Dy 0.5Àx Er x Ba 0.5 CoO 3 (0 6 x 6 0.05).
Table 1
Curie temperature (T C ), Neel temperature (T N ), lattice parameters, unit cell volume (V), average radius, hr A i and variance (r 2 ) of Dy 0.5Àx Er x Ba 0.5 CoO 3 (0 6 x 6 0.05). grease. Sound velocity was propagated along the direction of pressing using X-cut (longitudinal) and Y-cut (shear) transducer with a carrier frequency of 10 MHz. The velocity measurements were performed in a Janis Cryostat Model VNF-100T and the temperature was change at rate of around 1 K/min during heating.
Result and discussion
The powder XRD patterns of all the samples are shown in Fig. 1 . XRD analysis revealed all samples consist of essentially single phase and crystallized in an orthorhombic perovskite-structured whose unit cell belongs to the space group Pmmm consistent with the structure reported from the previous study [11, 15] . Table 1 shows values of T C , T N , lattice parameters, calculated unit cell volume (V), hr A i and r 2 for all samples. Although it is not possible to point out the actual level of substitution that has actually taken place using the present techniques, the lack of secondary phase as evidenced from the XRD diffractogram and the decrease in lattice parameters, especially c-lattice, indicate some form of substitution involving Er 3+ taking place in the crystal lattice. In the unit cell structure, Dy 3+ ion (1.083 Å) is located between Co-O planes and its substitution by a smaller ion, in this case Er 3+ (1.062 Å) has the effect of reducing c-lattice and volume of the unit cell. A similar suggestion was also proposed for La 1Àx Ba x CoO 3 [21] . Temperature dependence of AC susceptibility (v 0 ) measurements for all samples is shown in Fig. 2 . The AC susceptibility (v 0 ) data showed the x = 0 sample exhibits PM to FM transition at T C of 260 K followed by AFM transition at T N of 198 K. This is most likely related to the large cation size disorder arising from the size mismatch between the Dy and Ba ions in line with a previous suggestion for Gd 0.5 Ba 0.5 CoO 3 [15] . Our results also showed that increasing Er substitution suppresses the FM and AFM states most likely due to the increase in size disorder as indicated by the increase in variance, r 2 from 0.0374 Å 2 (x = 0) to 0.0378 Å 2 (x = 0.05) ( Table 1 ). Fig. 3 shows the temperature dependence of the electrical resistivity for the x = 0-0.05 samples. It can be seen that, all the samples showed insulating transport behavior in the temperature range of 150-300 K. Interestingly, from the dlnq/dT À1 vs. T curve (inset Fig. 3 ), a peak around 260 K has been observed for the x = 0 samples while a broader peak was observed for the x = 0.03 sample around 258 K. The location of the peaks was in the vicinity of the T C of the samples (Fig. 2) . However, no peak has been observed for the x = 0.05 sample. This is an indication that the cation size disorder arising from the size mismatch at A-site between Dy/Er and Ba ions also affects resistivity around the magnetic transition region. The longitudinal velocity (v l ) and shear velocity (v s ) measured at 210 K and calculated longitudinal modulus (C l ), shear modulus (G), bulk modulus (B), Young's modulus (Y) as well as Debye temperature (h D ) are given in Table 2 . The polycrystalline samples were approximated as an isotropic-elastic medium where by the independent longitudinal and shear modulus are given by C l ¼ Dv s respectively, where D is the density [22] . The bulk modulus (B) and Young's modulus (Y) were calculated using Eqs. (2) and (3) below while the acoustic Debye temperature (h D ) was computed using the standard formula given by Eq. (4) [22] :
where h is the Planck constant, k B is the Boltzmann constant, N is the number of mass point, V is the unit cell volume calculated from lattice parameter values and v m is the mean velocity which is given by:
From Table 2 , it was found that D decreased with Er substitution. The decrease of D is suggested to be due to the increase in molar volume, V a (Table 2) where although D decreased with Er substitution, the decrease, which was less than 1% does not strongly influence the change in both velocities. Instead, our analysis showed the changes in both velocities were strongly influenced by the much larger reduction in C l and G ( Table 2 ). The decrease of C l and G at 210 K with Er substitution is suggested to be correlated to the reduction in FM domains as indicated by the drop in v 0 at the same temperature (Fig. 2) . This is in line with a previous study on several lanthanide manganites which suggested dependence of elastic properties on formation of FM domains [26, 27] . Fig. 4 shows the temperature dependence of normalized longitudinal velocity for all the samples. A longitudinal ultrasonic velocity anomaly characterized by a drop in velocity upon cooling before hardening with further cooling was observed around 129 K, 127 K and 124 K for x = 0, 0.03 and 0.05, respectively. The ultrasonic anomaly may be related to some form of structural distortion which is connected to the JT effect of IS Co 3+ ions. A similar elastic feature has been observed from previous reports on La 1Àx Ca x CoO 3 [19] and La 1/3 Sr 2/3 Co 1Àx Fe x O 3 [20] .
The mean field theory has been used to explain the ultrasonic anomaly occurring in the vicinity of the transition temperature in some manganites and cobaltates which is closely related to strong electron-phonon coupling originating from the JT effect [19, [23] [24] [25] . In the present work the mean field equation was fitted to the temperature dependence of C l for Dy 0.5Àx Er x Ba 0.5 CoO 3 (x = 0, 0.03 and 0.05) to further verify the relationship between the ultrasonic anomaly and the JT distortion. From the mean-field theory, the relationship between the elastic modulus C l (T) and the temperature T below the ultrasonic anomaly temperature, T U is as follows [16] :
where C 0 is the longitudinal modulus in the absence of JT coupling, k is the phonon exchange constant, l is a measure of the ion-strain coupling and k B is a Boltzmann constant. The mean field, D is given by:
while for the temperature T above T U is written as [16] :
where T 0 and H are the characteristic temperatures.
From Fig. 5 , it can be seen that the fitting results agree well with the experimental data indicating that the JT effect is responsible for the existence of the elastic anomaly in the Dy 0.5Àx Er x Ba 0.5 CoO 3 (x = 0, 0.03 and 0.05). Our analysis showed that the JT effect transforms from the dynamic-type (T > T U ) to the static-type (T < T U ) with decreasing temperature. In addition, increasing Er caused the elastic anomaly to be shifted to lower temperatures from 129 K (x = 0) to 124 K (x = 0.05) which suggests that the static JT effect was weakened. The weakening of the static JT effect was also indicated by the decrease in the electron-phonon coupling constant, k with Er substitution (Table 3 ).
Conclusion
In conclusion, ultrasonic investigation on Dy 0.5Àx Er x Ba 0.5 CoO 3 (0 6 x 6 0.05) cobaltates showed existence of an elastic anomaly at low temperatures for all samples. Analysis using the mean-field theory suggests that the anomaly is related to the JT effect of IS Co 3+ ions which transformed from dynamic to static type with decreasing temperature. Increasing Er content caused the elastic anomaly to slightly shift downwards from around 129 K (x = 0) to 124 K (x = 0.05) due to weakening of the static JT effect. Increasing Er substitution also caused both independent longitudinal and shear moduli and other related moduli measured at 210 K to decrease indicating weakening of the elastic properties, most likely due to the reduction in FM domains as a result of increased size disorder at the A-site. 
